Observations in nature suggest a particularly high risk of wind-induced forest damage near stand edges. Unsteady processes caused by strong gusts from the atmospheric boundary layer are likely to play a major role. To gain more insight into the corresponding flow behaviour, wind-tunnel experiments were made with artificially generated 3D wind gusts, produced by short inductions of pressurized air, combined with time-resolved particle-image velocimetry measurements. In the near-edge region of the laboratory forest, the developing gust-induced disturbance at canopy, the top shows a wave-like shape in the measurement planes. The highest values of downward momentum flux above the canopy were measured 1.5 to 4 tree heights behind the leading edge. This was found to be caused by an edge-induced primary vortex, which formed behind the edge and directed high momentum fluid from the overflowing gust into the canopy.
Introduction
It is known that windthrow results from the interaction of multiple factors like climatic, topographic, stand, tree and soil conditions as well as management interventions, see, e.g. Ruel (2000) and Mitchell et al. (2001) . In order to better understand the mechanisms of wind-induced damage to forests, researchers investigate this phenomenon with observations and field experiments, laboratory experiments and numerical computations. An outcome of the combined research efforts on wind-canopy interactions is the theory that the airflow near the top of canopies resembles more the characteristics of a plane mixing layer than that of a turbulent surface layer, owing to an inflection point of the velocity profile at canopy top height (Raupach et al., 1996; Finnigan, 2000; Ghisalberti and Nepf, 2002) . It is believed that in the mixing layer above the canopy, Kelvin-Helmholtz instabilities lead to coherent structures, which, apparently, have been identified in the field (Gao et al., 1989; Gardiner, 1994) , in the wind tunnel and in numerical simulations (Finnigan et al., 2009) .However, the relation between coherent structures and tree failure in forests is far from clear (Schütz et al., 2006) . Dupont et al. (2010) presented results of a large eddy simulation including a model for a flexible canopy. They found no evidence that the coherent waving patches of the modelled canopy are direct signatures of coherent eddy structures of the flow field at the canopy top. The behaviour of trees is highly complex: they behave like damped oscillators (James et al., 2006; Schindler, 2008) , adapt to their experienced wind exposure (Telewski and Jaffe, 1986; Telewski, 2006) and have strategies like self-pruning to minimize the risk of a complete failure as the wind speed increases during a storm event (Lopez et al., 2011) .
Wind-related damage to trees is often associated with hilly topography or canopy heterogeneity such as edges and clearings (e.g. Finnigan and Brunet, 1995) . Of particular interest has been the flow at windward forest edges, as sometimes the damage occurs shortly behind the first row (Mitscherlich, 1971) . Wö lfle (1937) stated that this phenomenon cannot be explained just by the fact that the trees in first row grow more windfirm than the trees inside the stand. Even today, the dynamics of the air flow at forest edges with respect to tree failure are not completely understood. Much insight has nonetheless been gained. Kruijt et al. (1995) gave a conceptual drawing of the qualitative processes at forest edges, and Belcher et al. (2003) provided a model for the adjustment of a turbulent boundary layer to a step change in surface roughness. Belcher et al. (2003) divided the transition into partly overlapping regions: an impact region before the leading edge, an adjustment region behind the edge -its length depending on the drag exerted by the canopy -followed by the canopy interior. Above the canopy a roughness-change region forms, while around the canopy top there is the canopy shear layer region, at the leeward edge is the exit region and the far wake. In recent years, special attention has been given to the adjustment, roughnesschange and shear layer regions (field experiments: Kruijt et al., 1995; Irvine et al., 1997; wind-tunnel experiments: Ruck and Adams, 1991; Stacey et al., 1994; Morse et al., 2002 Morse et al., , 2003 Agster and Ruck, 2003; Ruck et al., 2010; numerical simulations: Yang et al., 2006; Brunet, 2008b, 2009 ). In the adjustment region, high values of streamwise velocity skewness are observed and the enhanced gust zone is characterized by a peak of this skewness (Dupont and Brunet, 2008b) .Considering that not only turbulent fluctuations but also mean and maximum forces on trees are important factors for the assessment of windinduced tree failure, investigations have been made as to whether the shape of the forest edge could be modified such that the risk of damage is minimized (Dupont and Brunet, 2008a; Frank et al., 2009) . Despite numerous investigations in the field, it is still unclear whether all important damage mechanisms have been found and how the known factors (edge shape, stand density, species, canopy roughness, etc.) interact in a concerted action.
From a fluid mechanical point of view, we think that the fluid mechanics of the atmospheric boundary layer flow in severe storm situations has not been adequately reproduced in the majority of numerical as well as experimental studies. It is best practice in numerical and experimental studies to simulate the approaching atmospheric boundary layer flow by appropriate inlet wind field models or inlet boundary layer flows, which reflect only the statistical properties (higher-order moments) of the turbulent atmospheric boundary layer flow. This means that mean velocity, standard deviation and turbulence intensity are modelled. Severe gusts (typically .35 m s -1 with a duration of some seconds, length 100-150 m, diameter 50-75 m), which are believed to be responsible for the initial wind damage in forest stands are statistically rare and so do not contribute markedly to the probability density distribution of wind speeds or to the gust spectrum. Experimental as well as numerical flow modelling based on statistical wind properties does not comprise these severe gusts. We think that it would be more realistic in forest-storm research to simulate/generate discrete and reproducible severe gusts in numerical or experimental studies. One might think that a severe gust is the same as a 'normal' gust of properly modelled turbulent approach flow, but it is not. From storm observations with high resolution LIDAR systems (e.g. Wieser et al., 2010; Trä umner et al., 2012) , we see that during a storm event, strong gusts of limited spatial extent are transported from higher mean velocity regions of the atmosphere down to the surface. When severe gusts approach surfaces, most of the momentum flux is deviated in the horizontal direction, creating a horizontal distortion of hypervelocity, which hits downstream structures like forest edges or canopies.
The highly unsteady interaction of a severe gust and the forest edge differs significantly from the widespread assumption that laterally extended wind fields of almost 'homogenous turbulence' flow horizontally over a forest edge. The severe gusts are not the product of a homogeneous turbulent boundary layer flow as it is modelled in many experimental and numerical studies and their strength and length is much higher than simulated boundary layer gusts developed in pure horizontal surface flow.
In this study, we create artificial horizontal strong wind gusts and consider how the results obtained from these discrete gust simulations differ from those obtained in homogeneous turbulent boundary layer flow.
Materials and methods

Experimental setup
The experiments were made in the closed-return wind tunnel (Goettinger type) at the Laboratory of Building-and Environmental Aerodynamics, Institute for Hydromechanics at the Karlsruhe Institute of Technology. By hot-wire and laser Doppler anemometry, the turbulence intensity of the wind tunnel was determined to be ,2%. The working section of the tunnel is 3.30 m long with a 0.75 m×0.75 m cross section of the nozzle. Behind the nozzle, an extension of 1.11 m length was attached so that a 908-curved injection pipe could be inserted at the bottom. The injection pipe pointing towards the working section was connected to a fast pneumatic valve (FESTO solenoid valve MHE4-MS1H-3/2G-QS-8-K). The pneumatic valve itself was connected to a pressurized tank adjusted to a constant pressure of 4 bar throughout the experiments. The injection pipe had an inner and outer diameter of 10 and 11 mm, respectively, and the simulated gusts were released at height z pipe = 11.5 cm, see Figure 1 . With the controllable valve and via the injection pipe, defined pulses of pressurized air (gusts) could be produced overlaying the base flow of 8 m s -1 . In the same plane as the pipe and directly above a line of trees, three positions for time-resolved particle-image velocimetry (TR-PIV) measurements were defined.
Field investigations as well as numerical simulations, see Choi (2004) , Chay et al. (2006a, b) , Panneer Selvam and Holmes (1992) , show that nearsurface wind profiles generated by severe gusts, downbursts or thunderstorm gusts do not show a monotonically increasing wind speed with height but show a velocity maximum near the ground. Apparently, an approaching severe gust overrules any wind characteristics of the base flow. Thus, in the present study, we omitted a detailed simulation of the atmospheric boundary layer profile of the base flow, i.e. no additional turbulence-generating devices like spires or roughness elements were positioned in the fetch. We concentrated solely on the interaction of single and defined severe gusts with a permeable forest edge. For the investigation and scaling of the artificial gust, measurements without a forest downstream of the pipe were performed as well.
For the experiments of the interaction of gusts and forest edges, a forest model consisting of individual stiff conifer models of average height H ¼ 11.5 cm was placed 54.1 cm behind the outlet of the injection pipe. The tree models had a stream-wise and cross-wise spacing of 2 cm and a round 5.5-cm-long and 4-mm-thick polystyrene stem with a 6+ 0.5-cm-long crown. The model forest was dense and consisted of 2400 tree models per square metre and an analysis of photographs of the first tree row determined the frontal area index l to 2.5, fitting well into the range of data collected in Raupach et al. (1996) . It was successfully used before in experiments of Frank et al. (2009) at a scale of 1:200, hence corresponding to 23-m-high trees with a stand density of 600 trees per hectare. The overall length L x of the model forest was 12.2 H, and the width L y of 8.7 H was greater than the nozzle width of the wind tunnel to make 3d effects at the span-wise borders negligible.
The origin of the right-handed Cartesian coordinate system was placed at the ground of the first windward tree row. The stream-wise coordinate is denoted by x, the upwards direction by z and the corresponding velocity components of the flow field by u and w, respectively. Hence, the positive y direction points into the plane. The measurement areas were perpendicular to the ground and oriented in flow direction at y ¼ 0.
Measurement technique
Velocity measurements were made with a 2D/2C TR-PIV system of DantecDynamics. The abbreviation 2D/2C stands for planar velocity measurements (2D) of two components of the velocity vector (2C). This non-intrusive high-speed measurement system allows measuring two velocity components simultaneously at different points in a plane at such a high frequency that unsteady processes can be resolved in time. Planar Standard PIV is established and has proven to yield valuable results (e.g. Morse et al., 2003; Raffel et al., 2007; Sanz Rodrigo et al., 2007) . The TR-PIV system used for the experiments consisted of two frequencydoubled Nd:YAG lasers (each 14 mJ pulse -1 at a frequency of 1000 Hz in Q-switch mode and wavelength of 532 nm), a high-speed camera (SpeedSense9072, 2190 frames per second at full resolution, 32 GB memory) with a 1280 ×800 pixel CMOS-Sensor (pixel size: px 2 ¼ 20 ×20 mm
2
) and a Zeiss Planar T*1.4/50-mm ZF lens. The laser beams were aligned by mirrors, Forestry adjusted by cylindrical lenses and directed into the working section by a mirror to illuminate the measurement positions with a 1-mm-thick light sheet, see Figure 2 . The tracer particles of 1-3 mm size were generated by vaporization and condensation of 1,2-propanediol and injected at the end of the working section into the return nozzle of the wind tunnel to ensure a homogeneous seeding of the air.
A digital synchronizer (Groß et al., 2010) was utilized to synchronize the pneumatic valve and hence the artificial gust generation with the PIV measurements. The synchronizer was programmed in such a way that the dynamics of several gusts could be captured in a convenient way: at the start of the velocity measurement, opening the valve after a defined time t low for a fixed duration t value , stopping the measurement after the time t high and pausing for the duration of t pause for the flow to definitely reach the undisturbed state again. This could be executed in a loop until a predefined number of snapshots were recorded, limited only by the internal memory of the camera.
Measurement parameters
As it was possible to trigger the laser heads independently, the time lag of two successive frames yielding one instantaneous velocity field was decoupled from the measurement frequency, which was chosen to be 1000 Hz to capture the unsteady processes in the gust and to 100 Hz for the measurement of the statistics of the undisturbed base flow. The particle images were thus acquired in the double-frame/single-exposure mode (Raffel et al., 2007) and evaluated with the software DynamicStudio v3.00 of DantecDynamics using an adaptive cross-correlation algorithm with 50% overlap to obtain the velocity vectors. Those were validated with a peak-height criterion of 1.2 and a median filtering on 3 ×3 IAs. The final size of the IAs was 32px×32px corresponding to a spatial resolution of 9.2 mm×9.2 mm ¼ 0.08 H×0.08 H. To correct the low but systematic error of the lens distortion, a calibration with a third-order polynomial was applied to the velocity vectors, which were afterwards exported to MATLAB for post-processing. The measurement areas of the TR-PIV measurements were all of 370 mm in width, 231 mm in height, hence corresponding to ratio of 0.29 mm px with a boundary layer of 5 cm height. During all measurements with gust generation, the pneumatic valve was opened for t value ¼ 16 ms. For the characterization of the artificial gust, no forest model was placed behind the pipe and 30 pressure pulses were analysed, each for a duration of 150 ms. For the investigation of the dynamics of the gust at forest edges, the effect of 54 gust injections were surveyed at all the three measurement positions. The velocities were measured for t high ¼ 300 ms for each gust and between the gusts the measurement was paused for t pause ¼ 4 s.
Analysis
For the analysis of the undisturbed base flow, i.e. the air flow in the forest edge region without the disturbance of a gust, the time mean of the velocities u(x, z, t) and w(x, z, t) was calculated, hereafter denoted with an overbar: u(x, z) and w(x, z). The undisturbed flow was measured for 120 s at 100 Hz, for stable statistics. The fluctuating part of the velocity is denoted by a prime, e.g. u ′ (x, z, t) = u(x, z, t) − u(x, z). To obtain reliable results of the instationary gust-process the method of ensemble averaging was used and shall be explained in the following. Let F be a scalar function of a stochastic process and assume N realizations of F at the same space-time point ( x, t). Warsi (1999) defines the ensemble average of F as kFl = 1/N N k=1 F k with angular brackets which we adopt in the following. For N tending to infinity, the ensemble average equals the expectation value and in a statistically steady process, the time average resembles the ensemble average for a sufficiently large averaging period. As we want to investigate the unsteady dynamics of a single gust at forest edges, the assumption of statistical stationary is not Interaction of gusts and forest edges appropriate. Hence, we calculate the time-depending ensemble average of flow variables by the definition given earlier, with the instant t ref of the trigger signal to the pneumatic valve as a temporal fix point, as
and for other variables respectively, e.g. kwl and kuwl. It should be noted that kuwl =kulkwl, where the former is the ensemble average of all gust events and the latter characterizes the momentum flux of the velocity field after ensemble averaging. This approach is different from conditional averaging where a trigger signal or signal pattern (wavelet analysis) is utilized to extract an ensemble of snapshots of a measurement series that are averaged (Gao et al., 1989; Collineau and Brunet, 1993a, b; Marshall et al., 2002; Finnigan et al., 2009) . The structures extracted like that depend on the kind of trigger signal used.
Estimation of forces on trees
The theorem of momentum conservation states that the force on a system is equal to the sum of the temporal rate of change of momentum inside the system and all momentum fluxes across the boundaries of the system. For us, the system is the forest or just a single tree of the stand. We could measure above the forest stand in the x,z-plane only and, hence, the important value to extract is the kinematic momentum flux uw. Negative values of uw at canopy top indicate momentum flux downwards into the stand and as u is positive in general, at least for strong wind conditions likely responsible for damage, the combination of large negative w-values and large positive u-values hints at large forces on the trees. The flow angle f = arctan(w/u) can additionally give an idea of how deep the horizontal momentum might penetrate the canopy. The reader should note that the turbulent momentum flux u ′ w ′ does not reflect the absolute momentum transported but is a measure of the momentum induced by turbulent fluctuations, which alters the mean field and provides important information about the flow field structure. It does not directly represent the forces on trees. The forest edge region, which is in the focus of this article, is characterized by a mean outflow at canopy top, i.e. w . 0. Dupont and Brunet (2008b) assumed that the adjustment region ends where the mean vertical velocity at canopy top vanishes. Depending on the configuration in their simulations, this point was reached within a distance of ,9 H. As the flow angle is highest at the windward edge and is decreasing downstream , it is very likely that some negative w ′ value in this region will be observed but actually the flow is directed upwards if there is w = w + w ′ . 0. Another important force indicator is the square of the horizontal velocity component u 2 close to the canopy top. This importance is not as obvious as in the case of the momentum flux but can be inferred from the relation that a force acting on a structure is proportional to the square of the approach flow velocity -as well valid for trees in a more general formulation to incorporate their architecture and dynamical behaviour (Mayer 1989 ) -and from the relation between the surface drag coefficient and the square of some reference velocity above the surface (Holmes, 2007) . Marshall et al. (2002) took high dynamic pressure values and hence high u 2 -values as a trigger for conditionally averaging the flow field to identify coherent gusts at the top of their forest model.
Vortex identification
To analyse the measured process, it is necessary to extract information about the vortical structure of the ensemble averaged velocity field. The identification of vortices in turbulent flows is not straight forward and vorticity fails in general, because it cannot distinguish between swirling and shearing motion, see Cucitore et al. (1999) . The problem is that turbulent flows contain a variety of structures, which are transported with different velocities. These structures interact with each other or with boundaries and form new structures, thus, creating temporally and spatially varying structure dynamics. In order to detect vortical structures in turbulent flows, several criteria have been proposed, see Chong et al. (1990) , Jeong and Hussain (1995) or Zhou et al. (1999) . In this paper, as identification criterion of vortical motion, the swirling strength was used as defined in Zhou et al. (1999) and Adrian et al. (2000) . The swirling strength criterion identifies vortices in regions where the velocity gradient tensor has a complex pair of eigenvalues indicating locally spiralling streamlines.
Results
The undisturbed flow
For an appropriate experimental simulation of the statistical properties of the air flow in and above natural forests, the forest model has to be submerged in a correctly scaled atmospheric boundary layer flow that is often accomplished by usage of spires or Counihan wings and roughness elements in the fetch before the model (Counihan, 1969) . As this research is not aimed at reproducing the statistical properties correctly but at investigating the unsteady and rarely-occurring event of the impact of a strong gust on a forest edge, it was decided to omit a detailed reproduction of an atmospheric boundary layer profile in the approach flow. The flow over a forest edge can be conceived as a forward-facing porous step flow, which alters the approaching flow field characteristically. Figure 3 shows for the low turbulence base flow the mean velocity vectors as well as corresponding values of the vertical shear of u. The velocity vectors show the upward deflection and distortion of the flow as well as the deceleration just above the canopy. The most rapid deceleration of the canopy near flow field occurs within a distance of about two tree heights, which is as well, the region where -as expected -a pronounced upward outflow due to continuity is present. The contours of the normalized shear reveal a thin shear layer (wake) caused by the presence of the injection pipe in front of the model at height, H, and the existence of a second strong shear layer, which originates at canopy top height of the forest in the range 0 , x/H , 1. In contrast to the findings of canopy flows in a simulated and scaled atmospheric boundary layer, we see that the shear layer detaches downstream of its origin and its inflection point height is not at canopy top but is increasing with x in a sub-linear manner. 
Forestry
Description of the artificially generated gust
The objective of this investigation was to gain insight into the unsteady behaviour of strong gusts at forest edges, since we assume that such events are associated with a high risk of forest damage. The term 'gust' is used intuitively in the literature and so far as well in this article. We define it herein quite generally as a volume of hypervelocity, and it does not seem to be reasonable to give a more specific definition as details on the internal structure of gusts are not known. Brasseur (2001) observed that strong or severe wind gusts at the earth's surface seem to originate from air parcels at higher levels of the atmospheric boundary layer that are deflected downwards. Consequently, the wind gust speed should depend on the large-scale wind, the turbulence and the stability of the boundary layer. However, it is generally assumed that during strong wind events -which inherently imply a higher risk for storm damage -the boundary layer has near neutral stability (see Trä umner et at., 2012). This justifies wind-tunnel experiments in neutral conditions. In this context, a gust, which has been mixed downwards in front of a forest edge, is approaching it with an advection velocity with a negligible vertical component. For this reason, we limited our consideration to the simulation of horizontal gusts. The strength of a gust can be characterized by its size, i.e. its length scale, and by its hypervelocity, i.e. its gust factor G. The gust factor G t, T is defined as the ratio of the maximum (short-time averaged) wind speed of duration t within the sample interval T, i.e. a characteristic gust velocityÛ t , to the (long-time) average wind speed in the sample period T (Choi and Hidayat, 2002; Holmes, 2007) :
For this definition, a characteristic time scale t of the extreme gust is used, and by Taylor's hypothesis, one can calculate a length scale via tÛ t , see e.g. Durst, 1960 . The important influencing factors are the wind system, topography and the values for t and T. , which should be related to an hourly mean of U 60 min = 25 m s −1 , implying a gust factor assumption of 1.6. Deacon (1965) proposed a formula including the influence of the type of terrain for the ratio of a T-second mean wind speed to a 2-second gust by analysing different data sets. His formula indicates an increase of the gust factor with increasing surface roughness. Another formula based on measurements in typhoons was published by Ishizaki (1983) , which includes an influence of the horizontal turbulence intensity I u :
The artificial wind gusts investigated in this study were produced by pulses of pressurized air induced into a low-turbulent base flow in front of the forest model, as described in the previous section. The opening time of the pneumatic valve as well as all other influencing parameters were held constant during the measurements. For the characterization of the gust, the pressure pulses were induced into the base flow with no forest model in the test section. The experiments were made with the injection pipe located at height z pipe = H but to get a better picture of the whole gust structure, 50 gusts were released at height 1.4 H, which had the advantage of keeping the calibration of the measurement position and to observe not only the upper part but as well the lower part of the gust. Figure 4 reveals a drop-like shape of the gust disturbance with its broader side at the front that is accompanied by a vortex ring structure. In the measurement plane, we see in the lower half a clockwise rotating vortex and in the upper half a counter-clockwise rotating one. The distance of the two vortex cores and, hence, the diameter of the vortex ring is about H. As the free flow is slightly decelerated behind the pipe, the streamlines indicate that the upper vortex is more pronounced vertically than the lower vortex. 
Interaction of gusts and forest edges
The distances between the velocity contour-lines are closer at the gust front than at its rear, illustrating that the velocity increase happens more rapidly than the decrease during the gust passage. This can be observed even better in Figure 5 where we see the time evolution of u for 30 pressure pulses released at height z , but this difference is negligible as the standard deviation is of 0.16 m s -1 at that point. Due to the gust, the undisturbed flow is strongly accelerated and the repeatability of the pattern is good. On the basis of the autocorrelation formalism (see, e.g. Raupach et al., 1996) , a mean gust factor of 1.57 with a standard deviation of 0.04 was extracted, corresponding to a time scale of 29 ms and a length scale of 3.2 H.
Effect of the gust disturbance on the flow around the forest edge
The outer structure of the simulated gust looks like an elongated vortex ring and as the injection pipe is located at z = H, we see in the measuring plane in Figure 4 a counter-clockwise rotating vortex above z = H and a clockwise rotating vortex below z = H. In Figure 6 , the swirling strength of the ensemble averaged flow velocity field as well as the corresponding velocity vectors are shown. In Figure 6a , two rotational cores can be seen, which approach the forest edge. As the gust approaches the forest, the lower vortex is not lifted above the edge but impinges on the first tree row. The upper vortex instead is deflected upwards, and the velocity is increased above the canopy directly at the edge during the gust passage as can be seen in Figure 6b . As can be inferred from the vector field, an upward outflow exists in the near-edge canopy. In the following, a vortex core starts to develop at the canopy top in the region of 1 , x/H , 2, see Figure 6c .
An upward flow close above the canopy is observable until 1.5 x/H and is caused by fluid mass entering the stem area at the frontal edge. As a consequence of partial blocking of the intruded flow by tree stems and branches, the fluid mass in the stem area decelerates and deviates in an upward direction through the canopy and leaves the canopy top. Fluid mass coming out of the canopy is also entrained by the counter-clockwise rotating fluid of the upper part of the vortex ring. This original upper part of the gust is transported further downstream and moves upwards, having no observable impact on the canopy anymore. However, the swirling motion developing shortly behind the forest edge at canopy top height is increasing in size and causes momentum to be transported into the tree crowns in front of its moving core, see Figure 6c ,d. Downstream of about four tree heights behind the first tree row, the swirling strength decreases whereas the size of the rotational area is growing and losing its clear structure, see Figure 6e . Looking at values of kulkwl associated with the same time instant shown in Figure 6b , no negative momentum flux can be observed, although the gust front is already at about x/H = 1.
In Figure 7 , the temporal behaviour of the momentum flux of the ensemble averaged flow field at different x/H-positions is given. As can be seen, in the near-edge region of the forest, the sequence ejection-sweep (x/H = 0.2, 1.0) reverses to sweep-ejection A detailed analysis shows that before x ¼ 1.3 H one observes at height z/H = 1.16 first an ejection period followed by a sweep period. After x ¼ 1.3 H, this sequence is reversed and first a sweep period is registered followed by an ejection period. The curves for the positions before x ¼ 1.3 H show that an abrupt updraft is measured, which is followed in time bya decay. This can be interpreted as the superposition of an injection-induced counter-clockwise vortex with a mean velocity field in the vertical direction. For positions behind x ¼ 1.3 H, the momentum flux shows negative values first, indicating unambiguously that a clockwise vortex has formed and is advected downstream. Highest downward directed momentum flux is measured between 1.5 and 4 tree heights behind the edge. Starting from 2.5 x/H, the swirling strength is decreasing but the size of the generated vortex is increasing further due to vorticity diffusion. Figure 8 depicts the flow angle of the ensemble averaged velocity field f e and shows a rotational disturbance evolving at canopy height, which is travelling over the forest. The dynamics of the gust disturbance produced can be described as follows: the gust approaches the 908 forest edge with its centre line at about canopy top height. One can imagine it as a stretched volume of hypervelocity in an ambient of lower base velocity. When the first part of the gust arrives at the edge, a vortex develops at canopy top generated by the superposition of the overflowing gust part and the canopy outflow caused by that gust part (see Figure 6c -e), which is entering the canopy front at the edge. In our case, the vortex formed at a distance of about one to two tree heights behind the edge. It is most interesting to see that the canopy vortex appears firstly not behind the complete gust but just behind the passing gust front whereas a substantial part of the gust volume has not yet past the vortex position. This can be inferred, e.g. from Figure 6 where the superposition of velocity vector field and swirling strength field is shown. A comparison of vector lengths and directions in Figure 6a , where the gust has not yet spread over the forest, with those of Figure 6c reveals that the gust front is ahead of the forming vortex.
Apparently, this initial vortex plays an important role, since it 'catches' high momentum fluid that originates from approaching gust and transports it downwards into the canopy. The highest impact is most likely caused by rather flat downwards directed flow angles in the area of x/H ≈ 3. The vortex forms at canopy height in a field with vertical velocity gradient. This implies that it travels with a velocity that is lower than the maximum velocity of the upper gust part. As a consequence, the vortex is overtaken by the rest of the overflowing part of the gust. During the overtaking process, the vortex directs high momentum fluid from the overflowing gust part towards the canopy up to the moment/point where the gust has fully overtaken the vortex. Then, this vortex ceases, see Figure 6e . It should be mentioned additionally that during the travel of the vortex at canopy height, its rotational momentum decreases and the swirling strength weakens, which underlines the fact that after a certain distance from the edge, the edge-specific aerodynamically induced momentum transport decays.
If we look at this from a fluid mechanical point of view, we see some differences from the mixing layer analogy, which was favoured so far in explaining damaging wind loads to trees. First of all, one must realize that a constant spanwise extended low turbulent and homogeneous wind field as sketched in Finnigan and Brunet (1995) , which serves as conceptual basis of the analogy, does not reflect reality. Such constant wind conditions do not exist during typical forest-damaging severe storms, see, e.g. Trä umner et al., 2012, but exist only in homogeneous and constant sea or desert winds, where turbulence plays no dominant role. The generation of coherent rollers in a mixing layer is rather constantwind driven than induced by gusts. One might think that mixing layer analogy could be applied to limited gust impact regions also; however, this is not realistic, since the length and time duration of rapidly ceasing unsteady severe gusts are too small to develop distinct Kelvin -Helmholtz waves. Figure 9 illustrates the findings with the help of pathlines subject to the ensemble averaged flow field, which was measured in two dimensions. The five fluid elements tracked were equally distributed on a vertical line at x = −H with the starting time such that gust-associated fluid of 1.5 H behind the gust front is tracked. The time interval (t) considered is from 44 to 130 ms after the trigger signal to the pneumatic valve (compare, e.g. Figure 6 ). Interaction of gusts and forest edges of the pathlines that the flow velocity at injection pipe height is, of course, higher than the ambient wind velocity. During the gust passage of the edge-near region, the pathlines of higher initial speed are curved and directed into the canopy.
Discussion
The base flow
The focus of this investigation was the interaction of single unsteady strong gusts with forest edges, which represent, from a fluid mechanical point of view, a forward-facing porous step. The base flow did not reflect detailed realistic properties of an atmospheric approach flow; however, this seems to be acceptable since it is known that an approaching severe gust overrules any wind characteristic of the base flow. Thus, the statistical properties of the base flow are of minor importance for the qualitative dynamics of a single strong gust interaction. Although the base flow was not of major interest for the present analysis, its main characteristics have been described. Figure 3 illustrates the mean properties of the base flow field. The velocity vectors visualize the distortion of the velocity field, a pronounced outflow at the edge-near canopy (x/H , 3) and a deceleration of the flow close above the canopy with increasing distance from the edge. These features are observed qualitatively in the field with varying intensities also. We found that in the investigated range behind the edge the flow is dominated by the unsteady gust interaction.
The gust dynamics at forest edges
The gust injection procedure was reproduced under controlled conditions as often as needed. Using the ensemble average (not the conditional average) clarified the nature of the turbulent process at the forest edge. We found that the mechanisms involved are more complicated and include factors such as the approaching gust volume of high kinetic energy (velocity, length and diameter), its accompanying vortex ring-like outer structure (counter-rotating vortices in the measuring plane) and the height of the gust impact with respect to tree height. The physical interaction of the artificial gust with the porous medium of the forest edge yielded a primary vortex at canopy height behind the edge, which was responsible for the downward transport of momentum into the canopy.
The TR-PIV measurements revealed the gust dynamics with a so-far unknown spatial and temporal resolution. We found in detail that a part of the gust penetrates the forest front, whereas another part continues its way over the canopy. The fluid mass, which penetrates the forest front, is partially blocked by stems and canopy material. As a consequence of continuity, a part of the inflow mass leaves via the canopy top within a distance of 1 -2 tree heights from the edge. From Figures 3 and 6e , one can infer that the inclined vectors of the base flow going in and out of the forest edge have a velocity of 50 -60% of the approaching mean velocity with a flow angle of 158 upwards, see also Ruck et al. (2010) . In a first approximation, these values can be assumed also for the gust process with gust release at z/H = 1. When the first outflow takes place during a gust event, the gust is still blowing over the edge since it has a certain length. We found that the interference of canopy outflow and horizontal flow of that gust part, which passes the edge-region above canopy height, induces the development of a swirling motion at canopy top between 1 and 2 x/H. This is the onset region for a primary vortex. This vortex is not the outcome of a developing Kelvin -Helmholtz instability, but the result of a cross-flow distortion, which apparently exists at porous forest edges. Helmholtz (1868) and Kelvin (1871) observed a mixing layer formed by two laminar plane parallel flows with two constant but different velocities. They described the spatial and temporal development of interfacial waves initiated by an infinitesimal fluctuation. These ideal and laminar conditions cannot be transferred to atmospheric boundary flows, where a turbulent intensity of .30% is always present. The quick turbulent changes in local velocity would not permit a Kelvin -Helmholtz wave formation. On the other hand, the generation of large-scale vortical structures by injected or discharged fluid mass into a cross-flow is well known in fluid mechanics, see e.g. Bergeles et al. (1978) , Fric and Roshko (1994) , Gopalan et al. (2004) . One can infer from these references and numerous other technical applications (fuel injection, chimney plumes, waste water discharge in rivers, overboard discharge from marine vessels, etc.) that the interaction of a main flow with a smaller cross-flow generates a vortical distortion in the boundary layer of the main flow. The vortical structure created is embedded in the turbulent boundary layer of the main flow and transports fluid with high streamwise momentum from the free stream towards the wall (canopy). The primary vortex formation at the canopy top starts beneath the overflowing gust, i.e. only the front portion of the gust has passed the location of the primary vortex formation. Thus, the rest of the gust is affected by the primary vortex, which catches high-speed fluid from the gust and directs it into the canopy. This indicates that the gust length as well as the strength of the primary vortex seems to play an important role for the problem.
This primary vortex is advected downstream and forces highmomentum fluid behind the original gust front to penetrate the canopy in the region of 1.5 , x/H , 4. Hence, one can assume that the longer the gust, the more high momentum fluid will be transported into the canopy close behind the edge and so, the risk of wind-induced damage increases. Since the high horizontal velocity of the gust decreases rapidly above the canopy with distance from the edge, the swirling strength of the roller decreases and its diameter increases. This weakens the induced downward momentum transport phenomenon of the roller with increasing distance from the edge.
The simulated gust shows a vortex ring-like surrounding structure, see Figure 4 , and the possible influence of this ring structure Forestry should be discussed. The upper gust part in the measuring plane containing the counter-clockwise rotating ring vortex at the gust front is lifted upwards when passing the edge. The analysis of corresponding pathlines suggests no direct influence of this upper swirling motion on the canopy. However, the lower ring vortex, which intrudes into the stand, has the same rotational orientation as the developing primary vortex. Unfortunately, it was not possible to simultaneously measure inside the forest model, so that no information was obtained as to whether this rotation was totally scattered or contributed to an upward fluid motion inside the first tree rows.
Conclusion
From a meteorological point of view, the probability of the occurrence of gusts is equally distributed over the landscape. However, the results of the experimental investigations within this paper suggest a dynamical process due to which in forested areas the probability of forest damage induced by gusts is higher near forest edges than inside the stand. It can be underlined that forest edges play a crucial role for the occurrence of wind-induced damage, which happen most likely due to highly unsteady processes caused by the impact of severe gusts. The interaction of a strong gust with a permeable forest edge produces a primary vortex in the edge-near canopy. The formation of this primary vortex enhances the intrusion of high-speed momentum from the gust into the canopy and, thus, increases the probability of forest damage. The length of the gust turned out to be a crucial parameter for the problem. It was found that an oncoming severe gust that hits the forest edge is split into a part, which is penetrating the forest front and a part, which is flowing over the near-edge canopy. The fluid mass entering the forest front is decelerated to some extent within the first tree rows leading to an outflow of fluid mass with vertical component through the near-edge canopy, where it interferes with the overflowing part of the gust, providing the gust is long enough. As known from many technical applications, cross-flow situations of different momentum strengths lead to an instant formation of a vortex. The observed and measured primary vortex is generated in this way and advected downstream until it decays. Phenomenologically, the measured generation of the primary vortex differs from the predictions of existing theories, which attribute the vortex formation to a pure Kelvin -Helmholtz instability.
We think that the approach presented, of generating, triggering and measuring a reproducible extreme gust, is capable of capturing the dynamics of gusts close to forest edges. This is also owing to the fact that such gusts have a more realistic 3D structure, energy content, length scale and velocity ratio than simulated gusts of homogeneous turbulent flows in the past.
